We have performed magnetic and transport measurements on a series of Nd 0.67 Sr 0.33 Mn 1Ϫx Fe x O 3 polycrystalline compounds with xϭ0.0, 0.05, 0.10, and 0.15. For the Fe-undoped Nd 0.67 Sr 0.33 MnO 3 ͑NSMO͒ materials, a magnetoresistance ͑MR͒ as high as ϳ33% was observed at the metalinsulator transition temperature, T p ϭ273 K, in a magnetic field of 10 kOe. Fe substitution in Mn sites leads to a reduction in T p and an increase in the overall MR. A 10% Fe contribution increases the MR up to about 65% and lowers T p to 88 K. The calculated magnetic moment at 5 K and an applied field at 9 T for the parent NSMO is 4.21 B and decreases continuously with an increasing amount of iron added. It was found that with the same amount of Fe doping, the Curie temperature, T C , decreases much faster in the Nd-based system than in the corresponding La-based system. The enhanced colossal magnetoresistance and the suppression of ferromagnetism observed in this compound can be interpreted as due to the weakening of the double exchange mechanism by Fe 3ϩ ions, which causes the localization of the hopping electrons.
I. INTRODUCTION
During the past few years, extensive studies have been aimed at understanding the nature of the perovskite manganese oxides, R 1Ϫy A y MnO 3 ͑Rϭrare earth, Aϭdivalent cation͒, because of their colossal magnetoresistance ͑CMR͒, found in bulk and thin film samples of the compounds. 1 Most of these studies were done by partial substitution of the undoped antiferromagnetic insulator, RMnO 3 , by AϭCa, Ba, and Sr. This hole doping is believed to give rise to diverse magnetic and electronic phases such as antiferromagnetic ͑AFM͒ insulating, ferromagnetic ͑FM͒ insulating, FM metallic, and paramagnetic ͑PM͒ insulating. The prototype materials of La 1Ϫx Sr x MnO 3 ͑Ref. 1͒ and Nd 1Ϫx Sr x MnO 3 ͑Ref. 2͒ have been found to exhibit the rich phase diagrams mentioned above. At low Sr doping (x Ͻ0.5), the Nd 1Ϫx Sr x MnO 3 ͑Ref. 2͒ materials are ferromagnetic metals whereas at high Sr doping (xϾ0.6), the materials are AFM insulators. In the intermediate doping range of 0.5ϽxϽ0.6, one observes AFM metallic behavior. This behavior can be explained by the notion of the double exchange 3 ͑DE͒ mechanism, which considers the exchange of electrons between neighboring Mn 3ϩ and Mn 4ϩ sites with strong on-site Hund's coupling. However, Millis et al. 4 have carried out perturbation calculations and argue that DE alone cannot explain the CMR behavior of the manganite oxides. They suggest that a strong Jahn-Teller distortion is responsible for the transport properties. Although these models proposed the physical properties of the manganities, different systems behave differently in details from one another. Most of the studies on the Fe-doped substituted-lanthanum manganites have been focused on La 1Ϫx Sr x MnO 3 ͑Refs. 11, 12 that are close to each other, and hence the crystal structure of the material remains almost unaltered.
II. EXPERIMENT
The polycrystalline ceramic NSMFO samples with x ϭ0.0, 0.05, 0.10, and 0.15 were fabricated using the conventional solid-state reaction method. They were prepared from a stoichiometric mixture of fine powders of oxides: Nd 2 O 3 , SrCO 3 , MnO 2 , and Fe 2 O 3 . The stoichiometric portions were mixed thoroughly under acetone using a ball mill for several hours until the mixture became homogeneous. The slurry was dried and then calcined in an alumina crucible at 1000°C in air for 15 h. The calcined powder thus obtained was reground and a small quantity of binder, polyvinyl acetate ͑PVA͒, was added to it. This procedure was repeated three times with intermediate grinding. The resulting powder was pressed into a pellet and sintered at 1250°C for 24 h in air and finally cooled to room temperature. The x-ray powder diffraction pattern was recorded at room temperature using a Phillips diffractometer with Cu K␣ radiation. Magnetic properties were measured on an Oxford superconducting vibrating sample magnetometer ͑VSM͒. The electrotransport and the magnetoresistance properties were evaluated using the standard four-probe technique. The magnetic field was apa͒ Electronic mail: scip0068@nus.edu.sg plied in parallel with the current direction wherever applicable. A Lakeshore 321 autotuning temperature controller monitored the sample temperature in the range of 77-300 K. A constant current in the range of 100 A-1 mA was supplied by a Keithley 220 programmable current source and the voltage across the sample was measured using a Keithley 2182 nano-voltmeter. Figure 1 shows the x-ray diffraction ͑XRD͒ patterns for as-prepared NSMFO samples with xϭ0.0, 0.05, 0.10, and 0.15 at room temperature, which were collected by step scanning over the angular range 10°р2р80°at a step size of 0.01°. The patterns show that all the samples are singlephase perovskites without any detectable impurity or secondary phase. All the XRD reflection lines were successfully indexed according to a tetragonal perovskite structure using the program DICVOL91. 13 The lattice parameters are nearly constant within the experimental errors with aϭ8.64 Å and cϭ3.85 Å, respectively ͑see 3 compositions. This is in agreement with our results that the distortion of the NSMFO structure is nearly independent of the amount of Fe doping.
III. RESULTS AND DISCUSSION
The temperature dependence of magnetization M at H ϭ0.02 T for the NSMFO series is shown in Fig. 2 . With increasing Fe-doping concentration, x, the ferromagnetism of the samples systematically deteriorated. For xϭ0, a saturation magnetization of 103 emu/g was recorded at Tϭ5 K with an applied field of 9 T, which corresponds to a spontaneous magnetic moment of 4.21 B /formula unit. This is far higher than the spin-only value of 3 and Mn 4ϩ /Mn 3ϩ for our system will predict a spontaneous magnetization of 4.21 B if the two sublattices are parallel and 3.13 B if the two sublattices are aligned antiparallel to each other. The magnetization curve at 9 T and Tϭ5 K shows a magnetization which supports the scenario of two ferromagnetically aligned sublattices. This is in concordant with a previous report. 16 With a 10% Fe doping, the magnetization drops to 46 emu/g, which corresponds to 1.90 B per formula unit. The fast decay of the magnetization indicates AFM Fe-O-Mn coupling. Figure 3 shows the field dependence of the magnetization at 5 K. The curves for xϭ0.00 and 0.05 clearly show ferromagnetic ͑FM͒ behavior whereas the curves for xϭ0.10 and 0.15 exhibit a transition from FM to AFM or a superposition of both FM and AFM. This result further allows one to argue that the replacement of Mn by Fe destroys some ratios of Mn 3ϩ -O 2Ϫ -Mn 4ϩ bonds and the interactions between Fe-O-Mn bonds might be AFM superexchange, supporting the previous authors results that most Fe ions are antiferromagnetically coupled with the Mn ions in the La-based systems. 8, 12, 14 In the high Fe-doping levels (xϾ0.10), the strong competition between the Mn-O-Mn DE and the Mn-O-Fe superexchange interaction might also result in spin-glass behavior, as argued by Takeuchi et al. 17 and Feng et al. 18 Another interesting magnetic characteristic is the rapid downshifting of the Curie temperature, T C , by Fe doping, as summarized in Table I . The values of T C were determined as the temperature at which the ‫ץ‬M /‫ץ‬T(T) curves show a minimum. Here, a 1% Fe doping causes T C to drop by approximately 18 K. It is interesting to compare this value with that of ϳ12 K for the Fe-doped La 0.7 Sr 0.3 Mn 1Ϫx Fe x O 3 ͑LSMFO͒ system in Xianyu et al., 5 which leads us to the conclusion that Fe doping has a stronger effect on weakening of the ferromagnetism in Nd-based systems than that in the Labased systems. . Within this context, a stronger effect of Fe-doping on DE ferromagnetism is expected when the energy bandwidth is narrower, as verified in our experiments. Figure 4͑a͒ presents the resistivity, , as a function of temperature for NSMFO ͑xϭ0.0, 0.05, 0.10, and 0.15͒ samples under zero field and an applied field of 10 kOe. All of the samples except xϭ0.15 show a metal-insulator transition at a resistivity peak temperature of T p . The values of T p are 272.5, 187.8, and 78.3 K for xϭ0, 0.05, and 0.10, respectively. The charges in T p are similar to those of T C . At the same time, the conductivity at low temperatures was diminished. For the xϭ0.15 sample, insulating behavior was observed throughout the whole temperature range, suggesting that there is no charge transfer between Fe and Mn ions within this temperature range. As x increases from 0 to 0.15, a tremendous change in , over seven orders in magnitude, was observed at 77 K. For xϭ0, a maximum MR of about 33% was recorded at a temperature of 272.5 K. With increasing Fe content, the maximum MR increased up to 43% and 65% for xϭ0.05 and 0.10, respectively, although the corresponding T p was significantly lowered. Previously, Xianyu et al. 5 reported that the MR values for Fe-doped LSMFO are 10% and 17% for xϭ0.05 and 0.10 under a field of 10 kOe. By comparing our results with theirs, we found that the same amount of Fe doping causes a greater MR enhancement in the NSMFO system. This can be correlated to the earlier findings that Fe doping is more effective in weakening DE in Nd-based systems than in La-based systems. The larger weakening effect of ferromagnetism is caused by more disordered spins in Nd-based systems than in La-based systems. As a result, a higher MR enhancement was observed when those disordered spins are aligned under an external applied field.
Other than the peak near T C , the sample with xϭ0.10 exhibits a shoulder as indicated by the arrow in Fig. 4͑b͒ . This suggests that there may be different contributions to the MR effect. According to previous studies, 1 the MR effect in a granular system can be separated into two parts, the intrinsic CMR due mainly to the suppression of spin fluctuations near T C , and the extrinsic MR effect originating from spinpolarized transportation across the grain boundaries ͑GBs͒. These two contributions to the MR effect probably reflect the difference in magnetic order between the surface and core of the perovskite grains.
14 To shed some light on this difference, the field dependence of the MR properties for the NSMFO samples was also measured as shown in Fig. 5 .
At a fixed temperature of 77 K, the MR in the xϭ0.00 and 0.05 samples exhibits two distinct regimes as a function of magnetic field up to 10 kOe. For HϽ5 kOe, the MR drops rapidly in the low field region followed by a gradual change as H is increased further. At 5% Fe doping, it is found that the initial drop in MR at low field is reduced, but the MR slope under a high field increased. This is similar to that observed in the nano-grain-sized LSMFO polycrystalline thin films. 6 For those low Fe-doping levels, the magnetization is saturated at 77 K, as shown in Fig. 2 . The conduction mechanism can be attributed to spin polarized tunneling ͑SPT͒, where the MR effect arises from the alignment of the magnetizations of the ferromagnetic grains under an applied field. In this SPT process, the spin polarization of the conduction electrons, P ͑related to M͒, and the spin-flip scattering ratio at GB, ␥, are the two important factors that determine the magnitude of the initial drop in MR at low field. 20, 21 For the Fe-doped samples, the decrease in MR at low field can be attributed to the reduced spin polarization and the increased spin-flip scattering as suggested by Huang et al. 6 On the other hand, the high field MR slope was correlated to the surface spin states of the magnetic grains and the weakened FM spin interactions at GBs were proposed to be responsible for the enhanced MR at the high field region. 6 However, the above arguments do not stand for the sample with xϭ0. 10 . The MR observed in this sample is due to an intrinsic CMR effect. For this high Fe-doping level, the effect of Fe doping on the resistivity can be much larger than that from the disorder at the GBs. Therefore the effect of GB MR is negligible. Furthermore, T C of the sample is almost located exactly at the measuring temperature of 77 K. Thus the MR observed here originates from the field suppression of the spin fluctuations inside grains.
IV. CONCLUSION
In summary, a detailed study of the magnetic and magnetotransport properties in NSMFO (xϽ0.2) polycrystalline bulks has been done. Although no apparent structural changes were associated with Fe doping, both ferromagnetism and the metallic conduction were systematically suppressed. It was found that with the same amount of Fe doping, T C decreases much faster in this Nd-based system as compared to that of the corresponding La-based system. A decrease in T C of about ϳ18 K per 1% amount of Fe doping was identified for the NSMFO samples. On the other hand, a higher MR enhancement was recorded. With a 10% Fe doping, the MR at 10 kOe was enhanced to a value of ϳ64% from that of ϳ33% for the undoped NSMO. The two contributions to the MR effect at low temperatures were also discussed.
